EEG alpha activity is the dominant oscillation in most adult humans, is highly heritable, and has been associated with a number of cognitive functions. Two EEG phenotypes, low-and high- ) having a positive association with alpha voltage. They had lower minor allele frequencies in the NAs than in a global population sample. Overall correlations between lower degrees of NA (higher degree European) ancestry and HVA, and higher degrees of NA and LVA were also found. Additionally a rare-variant gene-based study identified gene TIA1 being negatively associated with LVA. Approximately 3% of SNPs exhibited a 15-fold enrichment that explained nearly half of the total SNP-heritability for EEG alpha. These regions showed the most significant anti-correlations between NA ancestry and alpha voltage, and were enriched for genes and pathways mediating cognitive functions. Our findings suggested that these regions likely harbor causal variants for HVA, and lacking of such variants could explain the high prevalence of LVA in this NA population, possibly illuminating the ancestral origin and genetic basis for EEG alpha.
The EEG is a highly heritable, quantitative phenotype that can be accurately and reliably indexed and it has been suggested to be closer to gene function than diagnostic and psychological measures of brain function (Anokhin, 2014) . Several features of the resting EEG have been shown to be genetically influenced, and EEG phenotypes based on frequency and amplitude characteristics that may be useful in genetic analyses have been suggested Rangaswamy et al., 2002 Rangaswamy et al., , 2004 Vogel, 1962) .
Evidence from twin studies has determined that a significant proportion of the variance in the EEG is genetically determined (Christian et al., 1996; Juel-Nielsen & Harvald, 1958; Lykken, Tellegen, & Iacono, 1982; Stassen, Bomben, & Propping, 1987; van Beijsterveldt & Boomsma, 1994) . EEG patterns appear to remain highly stable over most of an adult's lifespan, with variation within an individual studied on two different occasions being not greater than that observed between monozygotic twins (Lykken et al., 1982) .
EEG alpha oscillations are the single most salient feature of the waking EEG of humans, and are most prominently seen in occipital areas when the eyes are closed. Resting state alpha oscillations are associated with relaxation or non-focused attention and are reduced in amplitude during cognitive or sensorimotor stimulation or replaced by slower waves during drowsiness (Başar, 2012; Bazanova & Vernon, 2014; Niedermeyer & Lopes da Silva, 2004) . Over the last decade, a prevailing theory has emerged that has viewed alpha oscillations as an important top-down mechanism of neuronal inhibition that exerts control over the timing of neuronal discharges in nearby populations (Klimesch, 2012; Klimesch, Sauseng, & Hanslmayr, 2007) . Alpha activity reflects processes related to controlled access to and retrieval from the "knowledge system" that underlies many cognitive processes such as attention and memory (Klimesch, 2012) . It has also been suggested that, through inhibitory and timing mechanisms, alpha oscillations help maintain selective attention to environmental stimuli.
Alpha oscillations have been shown to change during memory-related tasks (Başar, Başar-Eroglu, Karakaş, & Schürmann, 2001; Başar, Schürmann, Başar-Eroglu, & Karakaş, 1997; Klimesch, 1997 Klimesch, , 1999 Klimesch et al., 2007; Klimesch, Schimke, & Schwaiger, 1994) . For instance, long-term memory demands lead to task-specific desynchronization in alpha and working memory demands can lead to increase in alpha activity (Jensen, Gelfand, Kounios, & Lisman, 2002; Klimesch, 1999) . Alpha enhancement has also been frequently observed during mental imagery, internal attention, and various creativity-related demands such as imagination and ideation (Cooper, Croft, Dominey, Burgess, & Gruzelier, 2003; Fink & Benedek, 2014) . Changes in alpha activity have also been associated with select mental and behavioral disorders (Başar, 2013; Başar & Güntekin, 2013; Başar et al., 2016; Ducci et al., 2009; Enoch et al., 1999; Herning, Glover, Koeppl, Phillips, & London, 1994; Loo & Makeig, 2012; Mazaheri et al., 2014) .
Many authors have suggested that several EEG measures may serve as potential endophenotypes for certain psychiatric disorders including alcohol and other substance use disorders (Kamarajan & Porjesz, 2015) . For instance, low EEG Alpha power has been reported in individuals with different subtypes of alcohol use disorders with other comorbid disorders (Ducci et al., 2009; Enoch et al., 1995 Enoch et al., , 1999 .
In a previous study of a Native American population, low voltage alpha was found to be associated with a larger number of maximum alcohol drinks ever consumed in a 24-hr period, and a less intense response to alcohol, both factors that have been shown to be associated with an increased risk for the development of alcohol use disorders (Ehlers, Wills, Phillips, & Havstad, 2015) . Therefore, understanding the genetic underpinnings of the EEG alpha may help illuminate the biological process underlying some cognitive activities, as well as some mental health conditions. The amplitude of the alpha rhythm is a robust trait variable that varies greatly between individuals. In some individuals it is of very high amplitude and can be continuously present irrespective of the level of arousal (so called monomorphic alpha). Whereas, in other individuals alpha waves are virtually absent (Niedermeyer & Lopes da Silva, 2004) . This low voltage EEG phenotype (LVEEG) was first described by Adrian and Matthews in 1934 (Adrian & Matthews, 1934 ) based on visual inspection of loss of alpha waves, and overall low voltage in the EEG.
Early genetic studies also identified LVEEG as being highly heritable, and suggested it might have an autosomal dominant mode of inheritance, and provided data in a few families for linkage to a marker on chromosome 20q (see Steinlein, Anokhin, Yping, Schalt, & Vogel, 1992; van Beijsterveldt & Boomsma, 1994; Vogel, 1970) for review).
Although there have been a number of studies that have investigated associations between candidate genes and power in different EEG frequency bands (Ducci et al., 2009; Enoch et al., 2008; Lee et al., 2011a,b; Lee et al., 2012a,b; Porjesz et al., 2002) , there have only been a few genome-wide association studies (GWAS) using EEG phenotypes. In one study, conducted in American Plains Indians, a significant association was found between theta band EEG power and a SNP in the SGIP1 gene, and a similar trend was observed in a Caucasian sample that did not reach significance (Hodgkinson et al., 2010) . In another study, a family based GWAS was conducted in Caucasians and an association was found between several SNPs in KCNJ6 and theta oscillations (Kang et al., 2012) . More recently, a genome wide search, using several different electrophysiological measures, did not result in any significant associations in common or rare variants in a population of over thirteen-hundred subjects .
With substantially increased sample sizes, a similar study focusing on nonsynonymous exonic variants identified a variant in gene PARD3 associated with EEG theta power; and another study identified several genes associated with EEG delta power Vrieze, Malone, Pankratz, 2014) . Both studies employed around four thousand predominantly Caucasian subjects from the Minnesota Twin Family Study. Although neither found significant variants or genes for EEG alpha, EEG alpha was shown to be significantly heritable, consistent with a polygenic inheritance model .
There are several reasons why some studies may identify significant genetic variants and others not. Most studies evaluating genetic associations with the awake resting EEG have used, as a phenotype, the transformed amplitude (power) of the EEG signal in a specific frequency band (e.g., delta, theta, alpha, beta, gamma).
Depending on the transformation, some studies may normalize power so that overall differences in power between individuals may be diminished. Another difference between studies may be that LVEEG is not highly prevalent in most populations (approximately 4% in EuroAmerican populations) Niedermeyer, 1986) so that large scale EEG screening would be required to obtain a relatively small number of cases, leaving power for detection of variants in GWAS very low. We have previously reported that LVEEG is more prevalent in an American Indian community sample than what has been documented in other selected Asian, African, or EuroAmerican populations (Ehlers, Garcia-Andrade, Wall, Cloutier, & Phillips, 1999; Ehlers & Phillips, 2003 Ehlers et al., 2015) . We have also demonstrated that alpha EEG phenotypes in this population are substantially heritable (h 2 = 0.62 frontal, 0.67 posterior scalp locations) (Ehlers, Phillips, Gizer, Gilder, & Wilhelmsen, 2010) .
Genetic studies of complex phenotypes such as EEG alpha have additional advantages when they are conducted in well-defined populations such as Native Americans living on reservations as these populations may have greater genetic and environmental homogeneity than general population or clinical samples. Using data from a rural dwelling community sample of Native Americans several fundamental questions regarding EEG phenotypes were evaluated in the present study: i) we assessed the influence of the overall ancestral background on EEG alpha and the presence of low-voltage and highvoltage alpha, and determined whether the EEG alpha is associated with areas of the genome that are more or less associated with a person's Native American or European American ancestry; ii) we conducted a whole genome sequence association, a gene-based rare variant association, and polygenetic studies on these phenotypes using low coverage whole genome sequencing data; and iii) conducted pathway and functional analyses on the identified variants.
| MATERIALS AND METHODS

| Participants and phenotypes
The protocol of the study was approved by the Scripps Research
Institute Institutional Review Board and Indian Health Council, a tribal review group overseeing health issues for the reservations where recruitments took place. Written informed consent was obtained from each participant after study procedures had been fully explained.
Participants were compensated for their time spent in the study.
Eight hundred and fifty eight (858) Native Americans from extended pedigrees participated in the study. The population characteristics and the recruitment procedures have been previously described (Ehlers, Gizer, Gilder, & Wilhelmsen, 2011; Ehlers, Gizer, Phillips, & Wilhelmsen, 2010) . Six hundred and ninety two sequenced samples (n = 692) were eventually used in this study. The average age of the analyzed samples was 31.2 years old (range 18-81, s.d. = 13.0 yrs.), with 42.9% being male. 42.3% of participants (n = 293) had at least 50% self-reported Native American heritage as indicated from their federal Indian blood quantum.
Six channels of bipolar EEG (10-20 system) were collected using an electrode cap and analyzed using spectral analyses. Signals were transformed using Fourier analyses and the power in the alpha frequency band (7. The median false positive rate was 0.3% (Bizon et al., 2014) .
| Ancestry estimates and admixture analysis
We used a supervised clustering approach implemented in the ADMIXTURE software (Alexander, Novembre, & Lange, 2009 ) to assess ancestry and admixture proportions in the samples, and clustered subject data into four clusters corresponding to four major continental populations: African, East Asian, European, and Native
American. These populations were defined by the individuals in a reference panel containing genotype information at about 300k strand-unambiguous SNPs. The admixture estimates were further refined through a noise reduction approach via bootstrapping (Libiger & Schork, 2012 model approach as implemented in EMMAX (Kang et al., 2010) with global ancestry estimates further incorporated as covariates was used in the association test to control for admixture and familial relatedness.
The covariates for the association analysis included gender, age, agesquared, and three of the four ancestry components: Native American, European, and African (The four ancestry components sum up to one).
Note that in the variance component model, the covariance matrix is the kinship coefficient matrix that is derived from the genotypes. This matrix captures, to a certain extent, the relatedness and population structure. We used a conservative approach that included ancestry estimates as covariates in order to further control for population structure. We also performed a second set of association analysis excluding the three ancestry components from covariates, in order to account for potential overcorrection for ancestry.
While this unique population may offer us certain genetic insights into EEG alpha power that have been hard to detect in other populations, the sample size of this population is albeit moderate.
The statistical power to detect genomic association for small effect sizes is therefore limited. A power calculation was conducted using the Genetic Power Calculator (Purcell, Cherny, & Sham, 2003) that is based on a variance component model (Sham, Cherny, Purcell, and Hewitt 2000) . The genetic power for the given sample size as a function of effect size is shown in supplemental Figure S1 .
Desired sample sizes to reach 80% power are also presented in Figure S1 .
| Low frequency and rare variant association analysis
Low frequency (0.5% ≤ MAF < 5%) and rare (MAF < 0.5%) variants were analyzed with the combined multivariate and collapsing (CMC) method (Li & Leal, 2008) 
| Brain eQTL
The brain eQTL dataset was from BRAINEAC (UK Brain Expression Consortium) (Ramasamy et al., 2014) . The dataset consists of genotypes and gene expression datasets of ten post-mortem brain tissues from each of the 134 individuals of European descent. All individuals were neurologically normal during life (Trabzuni et al., 2011) . The eQTL signals were assessed at the exon level. A significant association between genotype markers and gene expression levels was established through permutation testing. An eQTL signal was defined as being significant using a false discovery rate (FDR) <1% (Ramasamy et al., 2014) . Top variants from the whole genome association analysis were tested against this database.
| Polygenic analysis
In addition to the association analysis, we used the variance component model to estimate various components of heritability of alpha voltage in our NA samples. In this case we use the term heritability to refer to the portion of the phenotypic variance that is explained by the additive genetic effects. The genetic variance captured by all SNPs was estimated by comparing the phenotypic similarity of pairs of distantly related individuals to their SNP-derived genetic similarity (Yang, Lee, Goddard, & Visscher, 2011) . If the genome is partitioned into two parts, the phenotype variance can be written as:
e , where Σ is the variance structure of phenotypic observations, A 1 , A 2 are the covariance matrices derived using the SNPs within each respective genomic partition, σ given by: h
The enrichment for heritability of partition i is defined as:
where N SNP i =N SNP is the proportion of the total SNPs in the i-th partition.
When there are related individuals, such estimates of heritability may be potentially inflated due to common environment and epistatic interactions. A joint estimate using identity-by-descent (IBD) covariance matrix (approximated by thresholding on the full genetic relationship matrix) together with genetic covariance matrices was used to control such bias (Zaitlen et al., 2013) 
(See Supplemental
Method for further details).
We used the restricted maximum likelihood (REML) method as implemented in GCTA (Yang et al., 2011) to estimate the heritability of the overall additive genetic effects and the portions explained by various genomic partitions. The phenotype was winsorized alpha voltage; covariates included age, age-squared, gender, and the global ancestry estimate. The genome was partitioned into two parts in each setting by one of the following criteria: i) the genomic regions having less than the median local Native American ancestry were in one partition, while those above the median local NA in another; ii) the regions where alpha voltage was significantly associated with the local NA ancestry were in one partition, while the remaining in the other (the level of significant threshold was set at various p-values); and iii) The genic regions including 20k upstream and downstream were in one partition while the remaining intergenic regions in the other.
| Functional and pathway analyses
Once the partitioned heritability analysis identified the most enriched genomic regions for EEG alpha heritability, we then investigated functional annotations of the variants within those regions. The Database for Annotation, Visualization and Integrated Discovery (DAVID) version 6.7 (Dennis et al., 2003) was used for the functional and pathway analyses. The variants were first annotated with SGAdviser (Pham, Shipman, Erikson, Schork, & Torkamani, 2015) . The list of genes was then submitted to DAVID. A modified Fisher exact test p-value, or EASE score, was used to identify enriched annotation terms derived from gene ontology (GO), tissue expression, or pathway. The EASE score threshold was 0.1. The Benjamini corrected p-value was used to establish significance (Dennis et al., 2003) . For the GO terms, we used the lower levels of biological process ontology (GOTERM_BP_FAT). For gene expression localization, two sources were used: UniProt tissue list (based on literature mining and reports for each gene that found to be expressed in tissues by using a curated vocabulary), and the more comprehensive GNF_U133A_QUARTILE tissue list, from which the genes expressing higher than 3rd quartile of their expressions were reported. ) in association test with high-voltage alpha with ancestry covariates. f These six variants also exhibited suggestive significance in association with high-voltage alpha without ancestry covariates. g The variant is the top hit in the regions that were enriched for EEG alpha heritability.
h Only common variants (MAF ≥ 0.05) are shown, except the two noted variants. i There were additional 11 variants in chr9:27958999-27963623 (see Table S1 ) that were in high LD with rs61583023 and had same MAF in our NA samples with corresponding 1 kG MAF ranging in (0.046, 0.098).
PENG ET AL. | 439 Figure S3 ). The acid-sensing ion channels are neuronal voltageinsensitive cationic channels activated by extracellular protons. The finding that the associations were positive indicates that the variants were associated with high-voltage alpha, which was confirmed by association analysis using the dichotomous high-voltage alpha phenotype (p = 2.1 × 10 −7 -3.0 × 10 −7 ). Note that the associations that included ancestry estimates as covariates yielded slightly lower significances for most of the top variants than the associations without the ancestry covariates (see Table 1 ). Although the findings essentially remained the same, to be conservative, we refer to the former in the text. While the variants had minor allele frequencies (MAF) of near 16% in the NA samples, they had higher MAFs of 24-27% in the default global population in the 1000 Genomes database (1000 Genomes Project Consortium et al., 2012 . We further examined the ancestral compositions of individuals having different forms of the genotypes. As illustrated in Figure 1A, ). Variant rs76103505, which had a slightly lower pvalue and was in complete LD with the top hits, resides within transcription binding sites CTCF, SMC3, RAD21, and SPI1.
Using the brain expression quantitative trait loci (eQTLs) database BRAINEAC (Ramasamy et al., 2014) , we found evidence of cis-eQTL signals for the top 13 variants upstream of ASIC2/ACCN1 that were associated with EEG alpha in our study at significant or suggestively significant levels. Of the ten human brain regions, the most significant eQTL signals were in the occipital cortex (p = 9.7 × 10 ), as shown in Figure 1D . This is consistent with the fact that in the 1000 Genomes database, the minor allele of this variant is found almost exclusively in African subpopulations.
Overall , GG versus CC: p = 4.3 × 10 −4 , and GC versus CC: p = 0.13 (see Figure 1C ).
Since the genome sequencing was performed at low coverage, we also verified whether the top variants reported here that were associated with EEG phenotypes were of good genotype quality. The genotype-call qualities (GQ) of the variants in Table 1 are listed in Supplemental Table S2 . All variants except two had mean GQ score coded as a Phred score above 30. The exceptions were rs138338934 and rs78245818, with mean GQ of 25.5 and 19.5, respectively.
| Rare variants association analysis
Low frequency (0.5% ≤ MAF < 5%) and rare (MAF < 0.5%) variants were analyzed using a combined multivariate and collapsing (CMC) methodology (Li & Leal, 2008) . A gene-based burden test was performed on the EEG alpha voltage (winsorized), low-voltage alpha and high-voltage alpha phenotypes. , and suggestive significant association at p ≤ 1.8 × 10 
| SNP-heritability enrichment analysis
For these analyses we partitioned the genome based on the results of the admixture analysis. The first set of partitions was based on the averaged degree of local NA ancestry alone, independent of phenotype. The second sets of partitions were determined by the significant levels of the association found between the local ancestries and alpha voltage. Four p values were chosen as thresholds: 0.0001, 0.001, 0.01, and 0.03 (p of 0.03 was so chosen that two parts were roughly even). We partitioned the genomes in two disjointed parts in each setting and estimated the SNP-heritability for each part using a joint estimation method. In addition, the genome was also partitioned based on functional annotation into genic (along with upstream and downstream) and intergenic regions. Table 3 lists the partition parameters and proportions of each partition. Notice that the partitions that were determined by the median local NA ancestry did not sum up to 100% of the genomic markers. As noted earlier, this was due to a small fraction of the genome being excluded because there were not enough ancestry-informative markers to allow for a local admixture estimate. Figure 5A shows the partitioned heritability estimates for each genomic partition setting. Figure 5B shows the joint estimates of the two partitions of the genome together with the ). A similar estimate of SNP-heritability for EEG alpha power in a European American population gave a range of 0.48-0.77 depending on the threshold of genetic relatedness .
Taken together, the results of these analyses suggest that the genomic regions with higher degrees of European ancestry accounted for more variance of the alpha power than those regions that were primarily of American Indian ancestry. This observation was consistent with the finding that European ancestry is correlated with high-voltage alpha. The regions that exhibited negative correlation between alpha power and the degree of local NA ancestry at a significant level lower than p-value of 0.0001 encompassed 25 contiguous genomic segments spanning over 14 chromosomes (see Table S4 ). These regions accounted for slightly over 3% of the SNPs. Yet they appeared to explain nearly half of the total SNP-heritability of the alpha power, representing a 15-times enrichment (Table 3 ). As we reduced the level of correlation significance and included more of the regions and the number of SNPs, the heritability enrichment gradually decreased.
We used the regions of the genome that showed the most 
| Functional and pathway analyses on heritability-enriched regions
We further examined the variants in the 25 genomic regions that were most enriched for EEG alpha heritability. Interestingly, the significant variants in the association study are located outside of these regions.
The variant that exhibited the most significant association with alpha power in the regions was rs7031763, a common variant located , see Table 1 ). There were 576 variants in these regions that had p values at least 5 × 10 −4 in the association analysis. They corresponded to 112 genes or predicted The second bar in the first group of bars on the left is presumably the estimated total SNP-heritability when controlling for relatedness. The remaining six groups of bars in each panel correspond to the heritability estimates of the six sets of 2-partitions in the same order detailed in Table 3 PENG ET AL.
| 443 gene models (including ncRNAs), of which 85 were recognized by the DAVID database for further functional annotations (Dennis et al., 2003; Huang et al., 2007) .
The gene ontology (GO) enrichment analysis yielded 13 clusters for the 85 genes. Although none of the GO terms were statistically significant after multiple-testing correction, it might still be noteworthy that the top GO term was memory, and the three most enriched clusters consisted of categories related to: i) cell growth and proliferation; ii)
response to hormones and endogenous stimuli; and iii) memory, learning, cognition and behavior (see Table S5 ). The results of the pathway analysis are shown in Table 4 . The most significantly enriched pathways were vascular smooth muscle contraction, long-term potentiation, followed by GnRH signaling pathway. Further, when the genes were categorized by the tissues in which they were expressed, the most significant tissue was brain based on UniProt tissue expression database: 48 genes out of 85 were expressed in the brain. A more specific tissue expression profile is shown in Table 5 . A region-specific enrichment was found with statistical significance (p < 0.05) in four areas of the central nervous system (CNS): cerebellar peduncles, pituitary, subthalamic nucleus, and the occipital lobe. Of the 24 tissues that were enriched with a nominal p-value less than 0.1, near half of the tissues are part of the central nervous system or peripheral nervous system, and one quarter belong to the endocrine system.
| DISCUSSION
Twin and family studies suggest that quantitative characteristics of the waking EEG are strongly influenced by genetic factors and it may be one of the most heritable human traits (see Anokhin (2014) and genetic correlations between different frequency bands suggesting the existence of a common genetic factor that may influence overall EEG amplitude (Anokhin, 1989; Zietsch et al., 2007) . Overall EEG amplitude also shows considerable variation over different human populations and ethnic groups Ehlers et al., 1999; Ehlers & Phillips, 2003; Ehlers, Phillips, & Schuckit, 2004) .
One EEG pattern of overall low voltage (LVEEG) has been demonstrated to be of low prevalence in Asians and EuroAmericans , and of higher prevalence in selected African and Native American populations (Ehlers et al., 1999; Ehlers & Phillips, 2003) . Because of these differences, the use of selected populations that are enhanced for certain EEG variants may offer greater statistical power to detect potential genes affecting these phenotypes.
Additionally, admixture analyses may shed further light on the ancestral origins of these phenotypes. In the present study, we used an admixed population to assess the influence of ancestral background in a Native American population that had been demonstrated previously to have a high prevalence of LVEEG (Ehlers et al., 2004) .
As reviewed in the introduction, although recent studies have identified several variants and genes associated with various EEG phenotypes, no significant variant or gene has been found for EEG alpha. In the present study, in addition to assessing the influence of ancestral background on EEG alpha, we also conducted a low coverage whole genome scan on alpha EEG phenotypes in a Native American population. A dozen common variants in LD were identified on chromosome 17 to be positively associated with alpha voltage and the dichotomous high-voltage alpha phenotype with a genome-wide significance or suggestive level of significance. These variants were at 6-7 kb upstream of gene ASIC2/ACCN1. Acid-sensing ion channels (ASICs) are neuronal voltage-insensitive cationic channels activated by extracellular protons, and have been identified as potential therapeutic targets for pain and central nervous system diseases (Sluka, Winter, & Wemmie, 2009) . ASIC2 is in particular expressed in both peripheral and central nervous systems. It has been known to contribute to neurotransmission. ASIC2 has also been suggested to play a role in determining the defensive response to aversive stimuli and might affect fear and panic (Price et al., 2014) . The top variants also showed evidence for acting as a cis-eQTL for ASIC2/ACCN1, most significantly in the occipital cortex and followed by the putamen region of the human brain. The resting state EEG alpha is most prominently seen in the occipital areas when the eyes are closed. Additionally, a variant residing within the gene GPR158 (G protein-coupled orphan receptor 158) was found to be associated with alpha voltage at a suggestively significant level. GPR158 is specifically expressed in brain where it binds to RGS7 that may play a role in the rapid regulation of neuronal excitability and cellular responses to short-lived stimuli (Saitoh et al., 1999) . RGS7 has also been shown to be associated with panic disorder in a German population (Hohoff et al., 2009 ).
Most of the variants that were associated with high-voltage alpha had higher MAF in the 1000 Genome default global population than in the NA samples. One such variant is located within the gene CACNG5
that is a neuronal voltage-gated calcium channel gamma-5 subunit.
This gene has been reported to be associated with bipolar disorder and schizophrenia (Curtis et al., 2011) . Additional variants of potential interest were found in gene LINGO2 that codes for a Leucine-rich repeat neuronal protein. Of particular interest, LINGO2 is located within the genomic regions that were identified as the most enriched for EEG alpha heritability based on the admixture-informed heritability analysis. The gene has been found to be associated with both essential tremor and Parkinson's disease (Vilariño-Güell et al., 2010; Wu et al., 2011) . We only identified one variant on chromosome 7 that was associated with low-voltage alpha at a level above suggestive significance, in an intergenic region. The variant had higher MAF in the NA samples than in the global population, in contrast to the variants associated with high-voltage alpha.
TIA1 was the top gene associated with low-voltage alpha and the only gene that passed the significant threshold for any of the phenotypes in the low frequency and rare variant analysis. TIA1 is an RNA-binding protein involved in nuclear splicing and one of the core proteins that nucleates cytoplasmic stress granules (SGs) (Anderson & Kedersha, 2008) . A recent study has demonstrated that TIA1
modulates the physiology of tau and it is required for normal interactions of RNA binding proteins in brain tissues. Additionally, it has been shown that its overexpression stimulates neurodegeneration, thus highlighting its potential role in Alzheimer's disease (AD) and other tauopathies (Vanderweyde et al., 2016) . Another study also
shows that TIA1 oxidation suppresses SG formation, which may underlie the neuronal cell death seen in neurodegenerative diseases such as AD and Parkinson's disease (Arimoto-Matsuzaki, Saito, & Takekawa, 2016). The gene PROK1 was also found to be associated with low-voltage alpha in the low frequency and rare variant analysis but only at a suggestive significant level. It has been shown that brain modulation of PROK1, and several related genes, results in differences in endocrine function that might be related to altered learning and long-term potentiation in aged mice (Lucas et al., 2013) . Additionally, PROK1 is highly related to gene PROK2, which has been shown to potentiate acid-sensing ion channel activity in rat dorsal root ganglion neurons (Qiu et al., 2012) . Another gene of potential interest is SCN9A, the top gene associated with high-voltage alpha but at a less significant level. SCN9A belongs to the sodium channel gene family and mediates the voltage-dependent sodium ion permeability of excitable membranes. This gene has also been found to be associated with epilepsy (Meisler, O'Brien, & Sharkey, 2010; Singh et al., 2009 ).
The individuals in the present sample under study are primarily admixed between Native American and European ancestries (NordenKrichmar et al., 2014) . Since EEG alpha has previously been shown to be highly heritable in this NA population (Ehlers, Gizer, Phillips, & Wilhelmsen, 2010) , and is most likely polygenic, we performed polygenic analysis using ancestral information in order to compliment Most studies that have identified SNPs that reach genome-wide significance have also found that the SNPs of interest explain only a small amount of the variance in the overall phenotype (Manolio et al., 2009 ). We partitioned the genome based on admixture analysis to determine the amount of variance afforded by our genomic analyses.
The joint estimates of EEG alpha SNP-heritability of various partitions further suggested that the genomic regions of high European ancestry (low NA ancestry) accounted for the majority of the alpha heritability.
Notably, approximately 3% of the SNPs, spanning 25 genomic regions, exhibited a 15-fold of enrichment for EEG alpha heritability by explaining close to half of the total SNP-heritability. These were the regions that showed the most significant anti-correlations between NA ancestry and the alpha power.
Functional and pathway analyses of variants within these EEG alpha heritability-enriched regions led to significant pathway enrichments for long-term potentiation (LTP) and GnRH signaling, as well as gene expression enrichments for some select brain regions. LTP is thought to be one of the cellular and molecular mechanisms of memory and learning (Nabavi et al., 2014; Squire & Kandel, 2009 ). This may be important for understanding mechanisms underlying the EEG, as EEG alpha oscillations have been shown to index attention and performance of both long-term and working memory (Escolano, Aguilar, & Minguez, 2011; Klimesch, 2012) . It is not clear how gonadotropin-releasing hormone (GnRH), a neurohormone, essential for reproduction, may be important for EEG alpha voltage. However, EEG alpha has been demonstrated to have higher relative spectral power in one study in females as compared to males (Langrova, Kremlacek, Kuba, Kubova, & Szanyi, 2012) , and gender differences have also been shown in associations between genetic variants and resting state EEG activity (Volf, Belousova, Knyazev, & Kulikov, 2015) .
Four out of the eight tissues that were significantly enriched for gene expression were part of CNS. They were: cerebellar peduncles, pituitary, subthalamic nucleus (STN), and occipital lobe. There are some data to support associations between these brain areas and EEG alpha production, in particular the occipital lobe, a cortical area where resting state alpha has its highest amplitude when the eyes are closed.
For the cerebellar peduncles the data are less clear; however, it has been demonstrated that stimulation of superior cerebellar peduncle increases alpha rhythms at the contralateral motor cortex, in rats (Rubio, Custodio, Juárez, & Paz, 2004) . It is also not known how the subthalamic nuclei may control cortical EEG alpha. Yet, the STN is thought to play a prominent role in the pathophysiology of Parkinson's disease (see (Obeso, Rodriguez, & DeLong, 1997 ) for review), and when patients with Parkinson's disease received deep brain stimulation of the STN, their EEG alpha accelerates in frequency and decreases in power, mainly in the fronto-central region (Jech et al., 2006) . This data are also consistent with the fact that EEG alpha can be suppressed by motor movements as well as sensory stimulation. The olfactory bulb was also found to be enriched for gene expression in our analysis although at a less significant level. This may be important as with odorant stimulation, alpha power has been shown to increase in different cortical regions depending on the particular stimulant (Harada, Eura, Shiraishi, Kato, & Soda, 1998) . Taken together, our results suggest that the genomic regions we identified captured important genes mediating certain fundamental cognitive functions whose underlying neuronal activities are reflected in EEG alpha oscillations.
Although our findings are revealing, some limitations need be noted. At n of 692, our sample size is moderate thus has limited power to detect genome wide significant associations (see Figure S1 ). Given the uniqueness of our sample, there are presently no replication
samples available yet for the GWAS study. While some of the variants that were identified as being associated with EEG alpha were located near or within genes that contribute to neuronal transmission or regulation and had been previously associated with certain psychiatric disorders, none of the variants had known disruptive impact on the genes. They were synonymous mutations on introns or intergenic regions. One may postulate that they have potential regulatory functions, as some of the variants exhibited evidence as cis-eQTL for the gene in relevant brain regions; but until further evidence, we cannot draw causal conclusions yet about these findings. An additional limitation is that our heritability analysis lacked power due to the moderate sample size, as reflected in the large error bars, particularly when relatedness in the samples was controlled for in order to prevent potential inflation of the estimates. One, therefore, needs to take caution when making inferences from the estimated SNP-heritability, although the overall patterns that were emerged appeared to be consistent with the observations from association and admixture analyses.
In summary, overall, a lower degree of Native American (higher degree of European) ancestry is associated with high-voltage alpha, and a higher degree of Native American ancestry with low-voltage alpha. The majority of the genetic association findings were in the positive direction for the high-voltage alpha phenotypes (or "pro- 
